Ab initio quantum mechanics, classical molecular dynamics and two-temperature model integrated multiscale simulation is carried out to study the film thickness dependent the femtosecond laser heating of silver. As an interval of 130.7296
Introduction
Owing to the unique merit of little collateral damage [1, 2] , femtosecond laser pulse processing of material has the advantage over conventional laser machining, which makes it as a widely acknowledged approach in micromachining and microfabrication [3] [4] [5] . With the miniaturization of the objective material to nanoscale, plenty of challenges to the conventionally macroscopic heat transfer theories come up [6] [7] [8] [9] . Properly setting up the parameters of laser pulse and studying the optical, mechanical and thermophysical properties of material, help to achieve smoothly manufactured surface and highly precise control in femtosecond laser processing of thin silver film. When the laser pulse duration is comparable to the timescales of ultrafast laser irradiation induced thermal and mechanical response, the factors leading to laser spallation and ablation become complex.
Considerable attentions have been drawn in studying the ultrafast laser interaction with metal film. When the laser pulse duration is in the time scale shorter than picosecond, the nonequilibrium state between the laser excited hot electron subsystem and the cold lattice subsystem is significant, which cannot be solved by using the classical heat transfer methods and models [10] . Therefore, the two-temperature model was proposed to describe the nonequilibrium state [11] . The rapid melting and resolidification of gold film was simulated by combining the two-temperature model with the interfacial tracking method [12] . The effects of laser pulse width and fluence were studied [13] . Subsequently, by imposing the single pulse, multiple pulse and pulse train, Huang et al. carried out numerical simulations to investigate the effects of film thickness on laser melting and vaporization [14] . The morphology evolution of silver films with thickness from 2 to 20 deposited by using nanosecond laser pulse, was investigated by Hrishna et al. [15] . The effect of chromium film thickness on laser irradiated surface morphology was studied by Kim et al. [16] , who found that there were greater hydrodynamic flow and recoil press for the 500 film than that of the 200 film. The one-dimensional and twodimensional gold thin film gratings were fabricated with the help of nanosecond laser induced thermos-elastic force to detach the film from substrate [17] .
There were a bunch of mechanisms interpreting the ultrafast laser spallation and ablation. The thermal mechanism stated that the high rate of vaporization of thermalized material and formation of plasma induced the removal of laser irradiated material [18] [19] [20] . The mechanical mechanism explained that the removal of material resulted from the generation of tensile stress [21, 22] . The Coulomb explosion mechanism couples the laser excited electronic energy from intense electromagnetic fields into atomic motion, which leads to the metal film explodes into plasma of ionized atoms [23] [24] [25] . The hot-electron blast force mechanism, which said that due to the nonequilibrium heated electronic regions from the optical penetration of the laser energy, the abrupt increase of electronic pressure exerts on the surface of the metal lattices and leads to the removal of the lattices [26] [27] [28] [29] . Nevertheless, the mechanisms responsible for metal film thickness dependent femtosecond laser spallation and ablation are still open. The film thickness determines the available depth of thermal diffusion of the deposited laser energy [30] , overall degree of heating and damping of the thermal stress induced by femtosecond laser pulse.
In this paper, a multiscale framework integrating the quantum mechanics (QM), molecular dynamics (MD) and two-temperature model (TTM), which was constructed in our previous work [31] [32] [33] [34] [35] , is to be employed to fulfill the simulation of femtosecond laser spallation and ablation of the silver film. A database containing the electron temperature dependent electron heat capacity [32, 35] , electron thermal conductivity [34] and effective electron-phonon coupling factor − ℎ [31, 35] , is established from ab initio QM calculation, which are essential parameters in the MD and TTM simulations and ensure the overall accuracy of the simulation. The absorption of laser energy and thermal excitation of the electron subsystem is represented by the TTM. The spallation and ablation of silver film is observed from the atomic motion of silver atoms from MD simulation. Besides the original interatomic force in MD, an additional force acting on the nuclei is modeled by taking the electron-phonon coupled heat transfer into account.
Simulation method
Five silver films with thicknesses of 392.1888
, 522.9184 , 653.6480 , 784.3776 and 915.1072 were simulated. Considering the femtosecond laser radius is in the length scale of micrometer, the computational domain was treated as one dimensional in the -direction. The length (in the -direction) and width (in the -direction) were set as 4.0853 . A brief recall of the QM-MD-TTM integrated framework [31] [32] [33] [34] [35] is presented in this paper. The volumetric energy source of the incident laser pulse at per unit time, is expressed in terms of the following equation, which obeys the temporal Gaussian distribution,
where is the laser pulse duration, which denotes the full width at half maximum (FWHM) of the laser intensity. equals the summation of 12 optical penetration depth [36] and 56 ballistic energy transport depth [37] . 0 is the temporal center point of laser pulse.
Before femtosecond laser irradiation, the silver film samples were initially prepared at room temperature 300 for 10 . The first 5 canonical ensemble simulation was for the preparation of equilibrating the electron subsystem and the lattice subsystem at room temperature 300 . The second 5 microcanonical ensemble simulation was for the verification of the thermal equilibrium. The QM-MD-TTM combined simulation started at 10 . and 0 were set as 500 and 25 , respectively. Hence, it ensured that the 15 temporal gap between the ending point of microcanonical ensemble simulation and the central point 0 , is much longer than the duration of laser pulse . In other words, the incident laser pulse did not impact the initial preparation and verification processes. In this paper, the entire simulation lasted for 200 . By setting the absorbed laser fluence as 0.1 / 2 and 0.3 / 2 , the femtosecond laser induced spallation and ablation were observed sequentially. Two empty spaces were left outside the front surface and the rear surface of the silver film, which allowed the ablated and spalled silver segments to fly away. In other words, the front surface of the silver film was set as 196.0944 from the zero point ( = 0
) and the end of the computational domain was set as 65.3648 from the rear surface of the silver film. The overall length of the computational domain varied with thicknesses of the five films. Free boundary conditions were applied on the two surfaces of the silver film, while period boundary conditions were applied on the surfaces perpendicular to -and -directions.
According to the TTM, due to the electron-electron scattering time is short than the electronphonon scattering time, the laser energy is firstly absorbed by the electron [11] . The energy equation of the electron subsystem is expressed in
where , and − ℎ are to be determined from QM calculation by using the ABINIT package [38] . The finite difference method (FDM) is used to solve the evolution of the electron energy in Eq (2). The modeled mathematical expression for , and − ℎ at given are
Under femtosecond laser excitation, | , ( )| , | and 〈 2 〉| in Eq. (3) change with different . is the electron density of states (EDOS) and ( ) is the EDOS at Fermi level . is the Fermi-Dirac distribution. 〈 2 〉 is the second moment of electron-phonon spectral function, which contains the detailed information on the electron-phonon coupled heat transfer. is the volume of unit cell.
is the Fermi velocity. denotes the total electron scattering time, which equals the ( 2 + ) −1 . = 3.57 × 10 6 −1 −2 and = 1.12 × 10 11 −1 −1 are two material constants of silver [39, 40] . ℏ and are reduced Planck constant and Boltzmann constant, respectively. Finite temperature density functional theory (FT-DFT) was implemented in calculating | , ( )| , | and 〈 2 〉| . The valence electrons 4 10 5 1 was taken in FT-DFT calculation. The local density approximation (LDA) with a plane wave cutoff of 28 was adopted in computing the exchange and correlation energy. 10 × 10 × 10 Monkhorst-Pack -point grids were used to sample the Brillouin zone, which had been tested to meet the convergence. The finally calculated dependent , and − ℎ are plotted in Fig.  1 . For the purposes of evaluating thermal diffusion in the electron subsystem and the time cost for the thermal energy to be transported from the electron subsystem to the lattice subsystem (by decreasing 1 of ), the thermal diffusivity (ratio of to ) and − ℎ (ratio of to − ℎ ) are plotted in Figs. 1(d) and 1(e) as well. More detailed analyses and discussions of the results in Fig. 1 will be presented in the subsequent section. and (e) time cost − ℎ for the laser energy to be transferred from the electron subsystem to the lattice subsystem by decreasing of 1 .
The electron-phonon coupled heat transfer results in an addition force acting on the nuclei. The equation of atomic motion in MD simulation is expressed in the following equation
where , and are the mass, position and thermal velocity of atom , respectively. The interatomic force acting on the nuclei is − . Here is interatomic potential described by the embedded atom method (EAM), which was also fitted from QM approach [41] .
is the number atoms in each FMD cell. In each MD time step ∆ , the thermal energy − ℎ transporting from the electron subsystem to the lattice subsystem is ∆ ∑
/ , where indicates the MD time step contains times of FDM time step ∆ . is the volume of FDM cell.
is the average electron temperature of each computational cell per FDM time step. The QM-MD-TTM integrated framework is constructed by combing Eqs. (1)- (4) . The simulation code is developed as an extension of the ABINIT package [38] and the TTM part in the IMD [42] . During the QM-MD-TTM integrated simulation, the time steps ∆ and ∆ were set as 1 and 0.005 to meet the von Neumann stability criterion [43] .
Results and discussion

Spallation triggered for
= . / When was 0.1 / 2 , thermal melting of the front surface and laser spallation of the rear surface were seen for the film with thickness of 392.1888
. Whereas, only thermal melting was found for the other four films. The occurrence of laser spallation was slower than the thermal melting. Thermal melting was found a few picoseconds after femtosecond laser irradiation, while the laser spallation was observed hundreds of picoseconds after laser pulse. It is concluded that thermal melting is an ultrafast process due to the strong electron-phonon coupled heat transfer. Laser spallation is a tardy process requiring accumulation of the tensile stress.
The temporal and spatial distribution of electron temperature for cases with film thicknesses of 392.1888
, 653.6480 and 915.1072 are shown in Fig. 2 (a), 2(b) and 2(c), respectively. The laser irradiated front surface of the silver film locates at = 196.0944
. For the case with film thickness of 392.1888 , it can been seen in Fig. 2 (a) that elevates to 2,000 (or more) throughout the silver film right after = 25 , which indicates the depth of femtosecond laser heating of the electron subsystem is significantly greater than 392.1888
. When the film thickness is increased to 653.6480 , there is an obvious temperature difference between at the rear surfaces of Fig. 1(a) and Fig. 1(b) right after = 25 . Furthermore, when the film thickness is increased to 915.1072
, Figure 2 (c) shows that at the rear surface is not appreciably impacted by femtosecond incident laser heating from the front surface.
According to [44] [45] [46] , thermal confinement is mathematically expressed as < , = 2 ⁄ . In this paper, by taking (as shown in Fig. 1(d) ) and = 68 in Eq. (1), , is estimated as 7.458 . Considering the laser pulse duration is 500 , which is much short than the time , cost to dissipate the absorbed laser energy via electron heat conduction. As extrapolated from Fig. 1(d) , the criterion of eliminating thermal confinement corresponds = 9.248 × 10 −3 2 / , which requires < 2046.91 . Therefore, thermal confinement exists in the shallow region below the front surface of the silver film to ~457.5536
. The electron thermal diffusivity calculated in Fig. 1(d) shows that at higher , the capability of the electron subsystem to conduct the absorbed laser energy relative its capability to reserve the laser energy becomes weaker, which further enhances the thermal confinement. Moreover, at higher , − ℎ present increasing trend, which leads to the faster transfer rate of confined thermal energy from the electron subsystem to the lattice subsystem. In addition, after femtosecond laser heating, the absorbed laser energy gradually transports from the electron subsystem to the lattice subsystem, which results in the decrease of . Nevertheless, due to the thinnest film thickness in Fig. 2(a) , ≥ 2,000 at the front surface lasts from 25 to 60 . Whereas, in Fig. 2(b) and 2(c), ≥ 2,000 at the front surface lasts from 25 to 42 . Moreover, in Fig. 2(b) and 2(c) , the profiles of decreasing from ≥ 2,000 to temperature lower than 1,000 show the right half bell shape. As seen from Fig. 1(e) , − ℎ is smaller at lower , which reveals the electron-phonon coupled heat transfer facilitates the decreasing of becomes faster. Two splits are found at ~170
in Fig. 2(a) . Since the two splits occur at the region far behind the laser heated front surface and at the original points of these two points are smaller than that under the front surface, it is conjectured that the two splits are caused by mechanical reason, rather than the thermal reason. The temporal and spatial distribution of lattice temperature in Fig. 3 presents the detailed information on evolution, which is resulted from the electron-phonon coupled heat transfer. At = 25 , even though the electron subsystem has been heated throughout the silver film (in Fig. 2) , the majority part of the lattice still keep cold (in Fig. 3 ). Right after tens of picoseconds, the lattice subsystem is gradually heated. In Fig. 3(a) , the lattice subsystem is heated greater than 1,007.12 after = 50 . However, owing to the sufficient thickness for the films in Fig. 3(b) and 3(c), the depths of heated lattice subsystem ( > 1000 ) are limited to 150.3390 below the front surface of the silver film. It should be pointed out that there is a decreased region (145 < < 165 ) near the rear surface of the silver film in Fig. 3(a) . Right after the decreased region disappears, the rear ( = 475.8557 ) split appears. However, for the other (front = 376.5012) split in Fig. 3(a) , at its starting point is not seen obvious difference from its foregoing region. Therefore, the reason leading to these two splits remains open. By observing the temporal and spatial distribution of normalized density ( * = / 0 , where 0 = 10.49 / 3 is density of silver at room temperature) in Fig. 4 , it can be found that the overall * in Fig. 4(a) is smaller than those in Figs. 4(b) and 4(c). Recalling the greater seen in Fig. 3(a) than those in Figs. 3(b) and 3(c) , the smaller * in Fig. 4(a) is concluded from the reason of larger magnitude of thermal expansion. Right upon laser heating, there are expanded regions ( * < 1) generated near the front surface and rear surface of the silver film. Due to the degree of heating in the front surface is much greater than that of the rear surface, greater magnitude of thermal expansion is seen from the front surface. In addition, there is also compressed region ( * > 1) generated from front surface and developing along -direction into deeper side of the film. Because of the differences among the thicknesses of silver films in Fig.  4 , time cost for the compressed regions travelling from the front surface to the rear surface are different. In Fig. 4(a) , right after the compressed regions travel to the rear surface at ~130 , it reflects back in terms of expanded regions traveling along the direction from the rear surface to the front surface. The expanded regions reflected from the rear surface colloid with the expanded region generated from the front surface, which results in the split at position = 475.8557 . Therefore, the decreased regions found in Fig. 3(a) is because of the emergence of the expanded regions, which consumes the thermal energy to overcome interatomic attraction during expansion process. As for the other split at position = 376.5012
in Fig. 4(a) , it is not only because of the collision of the two expanded regions travelling along opposite direction, but also because of the front surface thermal expansion of the bulk silver film. Additionally, as seen in Fig. 4(a) , the melting region shows a density band with uniform * below the front surface.
In order to get a deeper sight into the femtosecond laser heating induced thermal expansion and the two splits, the thermal stress is computed and shown in Fig. 5 . To provide agreements with contours in Figs. 2-4 , only the proportion of silver with * > 0.1 is drawn in Fig. 5 . The compressive (in dark color with positive value) is generated upon femtosecond laser heating and travel deeper inside the silver film. Comparing Fig. 5 with Fig. 4 , it can been seen that the compressive corresponds to compressed regions. Whereas, the tensile (in light color with negative value) corresponds to expanded regions. In Fig. 5(a) , due to the throughout heating of the silver film and free boundary conditions applied on the front surface and rear surface, compressive are generated at both front and rear surfaces and travel along opposite directions. However, for the cases in Fig. 5(b) and 5(c), compressive are not evidently seen from the rear surfaces of the two films. With the propagation of the tensile in Fig. 5 , a pronounced decrease of is found in Fig. 3 , which was also observed for laser interaction with nickel and gold films [47, 48] . Due to the starting points of the two splits present tensile spalling the silver film, the splits belongs to laser spallation. After the emergences of the two splits in Fig.  5(a) , the tensile reflects as compressive . Each starting point of the split generates two sorts of compressive traveling to the front surface and rear surface. Moreover, as shown in Fig. 5(a) , the overlapping two compressive forms greater compressive when 184 < < 200 . ) of the laser film. As seen in Table 1 , decreases with the increase of film thickness. With the film thickness increases from 392.1888 to 522.9184
, the greatest decrease of melt depth is seen in Table 1 . When the same amount of laser energies are deposited into the five silver films with different thickness, the thicker silver film will result in smaller Kelvin degree of laser heating. at the melting boundary show values close to the reported melting point of silver 1234.93 [49] , which verifies the validity of the current QM-MD-TTM integrated simulation. During the 200 simulation, laser spallation is triggered only for the case with film thickness of 392.1888
. From the perspective of micromachining, when = 0.1 / 2 , for the silver film with thickness 392.1888 can be spalled with the steady surface left for the remained bulk film. As for the other four films, longer simulation still needs to be carried out to see whether the laser spallation will happen or not. . Fig. 6 The temporal and spatial distribution of electron temperature for the silver film thickness of (a) 392.1888 ; (b) 653.6480 and (c) 915.1072 for = 0.3 / 2 . Fig. 7 The temporal and spatial distribution of lattice temperature for the silver film thickness of (a) 392.1888 ; (b) 653.6480 and (c) 915.1072
Coexistence of spallation and ablation triggered for
The distributions of for the cases with thicknesses of 392.1888 , 653.6480 and 915.1072 are plotted in Fig. 6 (a), 6(b) and 6(c). Comparing with the distribution for the cases in Fig. 2 , it can be seen that the time cost for the high to get cooled down is much longer in Fig. 6 , owing to the larger amount of laser energy deposition into the silver film. Moreover, recalling − ℎ calculated in Fig. 1(d) , the greater leads to longer time during the process of decreasing by electron-phonon coupled heat transfer, which is another factor leading to the longer time cost for the cases in Fig. 6 than those in Fig. 2 . At 27 of the cases in Fig. 6 (a) , 6(b) and 6(c), at the rear surface of the silver film are 5071.58 , 354.89 and 303.01 , respectively. Therefore, it can be concluded that even though the laser fluence increases, the silver film with thickness greater than 653.6480 is sufficient to keep the rear side of the film being not significantly heated. At 170 , the silver film in Fig. 6 (a) has been totally split into several segments. It should be noted that of these segments from the front surface to the rear surface range from 4,533.94 to 1693.15 . Therefore, besides the discussed mechanical reason of laser spallation at lower temperatures, the mechanism leading to those hot splits remains open. Fig. 8 The temporal and spatial distribution of normalized density for the silver film thickness of (a) 392.1888 ; (b) 653.6480 and (c) 915.1072 for = 0.3 / 2 . Fig. 9 The temporal and spatial distribution of thermal stress for the silver film thickness of (a) 392.1888 ; (b) 653.6480 and (c) 915.1072
The distributions of for the cases with = 0.3 / 2 are calculated and plotted in Fig.  7 . With the increase of the film thickness, the depth of heated region changes a lot. at 80 at = 457.5536
for the three cases Fig. 7 (a), 7(b) and 7(c) are 2,817.66 , 1575.14 and 1,579.81 , respectively, which confirms that when the film thickness is greater than 653.6480
, the effect of film thickness for laser heating with = 0.3 / 2 is no longer a dominate factor. As seen in Fig. 7(b) , a line appears since 70 and develops to the deeper regions with the evolution of time. The line will be discussed in detail from the density distribution in Fig. 8 . With the continuous progress of simulation, gradually becomes in consistent with in Fig. 6 . The splits generated front the front surfaces of the cases in Figs. 7(b) and 7(c) show values above boiling point 2435.15 of silver [49] . Explosive boiling are found from the front surface when 25 < < 80 , which is verified by show values greater than 0.9 times of the critical temperature 6,410.15 of silver [49] . Due to the limits to the current QM-MD-TTM simulation, the generation of plasma is not included in this paper.
The temporal and spatial distribution of normalized density * are seen in Fig. 8 . Comparing with the * shown in Fig. 4 , due to greater amount of laser energy deposition for the cases in Fig.  8 , a wider compressed density wave band ( * > 1 ) emerges. The upper boundary of the compressed density wave band is generated from the front surface of the silver film. The lower boundary of the compressed density wave band appears ~130.7296 below the upper boundary. For the case with thicker film, due to stronger resistance of stress of the unheated region near the rear surface, there are more compressed density seen Fig 8. Comparing Fig. 8(b) with Fig. 8(c) , the lower boundary is clearer for the case with thicker film. It should be addressed that the higher fluence induces the faster compressed density wave propagating from the front surface to the rear surface, which advances the reflection of the compressed density wave to expanded density wave ( * < 1). As seen at ~100 in Fig. 8 (a) and ~152 in Fig. 8(b) , after the reflection of compressed density wave, the thermal expansion of the rear surface becomes much faster. The faster expansion of the rear film may result in spallation of the silver beyond the 200 simulation of the current work. In addition, the melting boundary seen from * in Fig.  4(a) is not seen from * in Fig. 8(a) , because the entire film with the thickness of 392.1888 has been melted. In Figs Subsequent to the reflection of the compressed density wave into the expanded density wave, the laser spallation is triggered in tens of picosecond. As discussed in Figs. 4 and 5, the compressed density wave corresponds to the compressive . The expanded density wave corresponds to the tensile , which results in the spallation of the silver film. The temporal and spatial distribution of for the cases with = 0.3 / 2 are depicted in Fig. 9 . The propagation of the compressive from the front surface to the rear surface of the silver film in Fig. 9 agrees with propagation of the compressed density waves discussed in Fig. 8 . It can be seen that the original points of those splits near the rear surface of the silver film have tensile , which has been concluded as laser spallation. However, the original points of the splits seen below the front surface of the silver film possess compressive . Since the material removal in laser spallation results from the tensile , the compressive of the splits near the front surface is not responsible for the removal process. Moreover, as seen from the distributions in Fig. 8(b) , before the occurrence of the splits, is much higher than the boiling point 2435.15 and even greater than the critical point 6,410.15 of silver. Whereas, the * distribution show liquid and solid mixed phases, which demonstrates the laser heated region is superheated. Ultrafast thermal expansion of superheated region results in the outer region of the superheated silver being ablated firstly. As seen at 200 , all of the superheated silver finally gets ablated. Hence, the laser ablation is a thermal effect caused by the ultrafast heat accumulation and superheating of the ablated silver. Although the occurrence of spallation is not seen in the cases of Figs. 9(b) and 9(c), it is believed that spallation might happen by continuing the simulation after 200 . Calculation result of shows that compressive decreases with its propagation to the rear surface. Therefore, if the compressive is not strong enough and the film is sufficient thick to damp the compressive , the laser spallation will not happen. The other solution to prevent the occurrence of laser spallation is to absorb the compressive when it arrives the rear surface of the silver film. . Once upon laser irradiation, the compressive generated from the front surface propagates to the rear surface of the film. Due to the different film thicknesses, the time cost for the compressive thermal stresses traveling form the front surface to the rear surface are different. The time difference consequently determines the moment of reflected tensile stress to spalls the silver film. The results in Table 2 indicates that when = 0.3 / 2 , the laser spallation damages the silver films (with thicknesses of 392.1888 nm and 522.9184 nm) into a few small segments. For the silver film without laser spallation, steady surface is seen from the front side of the remained silver film. As aforementioned, if the laser spallation is prohibited by weakening the compressive under high laser fluence irradiation, it will leave the only happening of laser ablation. Thereby, to properly impose external condition to reduce the compressive propagating to the rear surface, the precise micromachining of silver film laser ablation can be realized. 
Conclusion
The dependence of film thickness on femtosecond laser spallation and ablation has been investigated in this paper. The simulation takes advantages of the highly accurate QM determination of the electron thermophysical properties, the detailed description of the laser pulse induced atomic motion and phase change process, as well as the inclusion of energy evolution of the laser energy excited electron subsystem in continuum. When = 0.1 / 2 , spallation takes place for the film of 392.1888
, which is not seen for the other four films. Ablation is observed when = 0.3 / 2 . It is concluded that laser spallation is induced by the mechanical mechanism of the tensile . On the contrary, laser ablation happens at much higher than that of laser spallation and is limited to the laser heated region under the front surface. Due to the laser spallation needs long time for the compressive travelling throughout the film as prerequisite, the laser ablation is triggered earlier than laser spallation. For the thicker film, the longer lagging behavior of laser spallation. The coexistence of ablation and laser spallation results in the damage of the silver film into several small segments. From the perspective of improving the quality of micromachining, to properly choose the thinner silver film enables spallation from the rear surface and keeps melting at the front surface of low laser fluence heating. While under high laser fluence, it is suggested to weaken the compressive before its reflection at the rear surface and leave only ablation happening at the front surface of the silver film.
